Abstract: Understanding the nutritional dynamics of herbivores living in highly seasonal landscapes remains a central challenge in foraging ecology with few tools available for describing variation in selection for dormant versus growing vegetation. Here, we tested whether the concentrations of photosynthetic pigments (chlorophylls and carotenoids) in forage and feces of elk (Cervus elaphus L., 1785) were correlated with other commonly used indices of forage quality (digestibility, energy content, neutral detergent fiber (NDF), and nitrogen content) and diet quality (fecal nitrogen, fecal NDF, and botanical composition of the diet). Photosynthetic pigment concentrations were strongly correlated with nitrogen content, gross energy, digestibility, and NDF of elk forages, particularly in spring. Winter and spring variation in fecal pigments and fecal nitrogen was explained with nearly identical linear models estimating the effects of season, sex, and day-of-spring, although models of fecal pigments were consistently a better fit (r 2 adjusted = 0.379-0.904) and estimated effect sizes more precisely than models of fecal nitrogen (r 2 adjusted = 0.247-0.773). A positive correlation with forage digestibility, nutrient concentration, and (or) botanical composition of the diet implies fecal photosynthetic pigments may be a sensitive and informative descriptor of diet selection in free-ranging herbivores.
Introduction
For many herbivores, a principle source of variation in diet quality is the photosynthetic capacity of available plant tissue, with dormant, senescent vegetation providing the least nutritional value and actively photosynthesizing tissue usually providing nutrients above maintenance levels (McNaughton 1979; Wilmshurst et al. 1995; Murray and Illius 2000; Shrader et al. 2006) . Annual photosynthetic cycles are conspicuous from leaf to landscape levels and growth, survival, and reproduction in many herbivorous taxa are strongly synchronized with plant phenology (Fryxell et al. 1988; Sinclair et al. 2000; Ryan et al. 2007) . Within seasons or in less seasonal landscapes, herbivores must also contend with a mosaic of forages that vary in phenology and ratio of dormant to photosynthetic tissue (McNaughton 1979; Murray and Brown 1993; Fraser and Gordon 1997; Treydte et al. 2013) . The absolute or relative concentration of photosynthetic pigments (i.e., chlorophylls and carotenoids) are often used to quantify photosynthetic capacity of plants, as well as the "greenness" of forage and habitats selected by herbivores (McNaughton 1976; Misra and Misra 1981; Treydte et al. 2013) . This approach includes the more recent and rapidly growing use of indices of primary productivity derived from satellite imagery to estimate habitat quality for herbivores (Pettorelli et al. 2005) .
Perhaps the most frequently used and direct measures of freeranging herbivore diet selection involve the physicochemical or botanical composition of herbivore feces (Wofford et al. 1985; Wehausen 1995) . Feces provides a readily available, noninvasively collected sample largely composed of the plants and compounds actually consumed by a free-ranging population (Wofford et al. 1985; Wehausen 1995) . Although many fecal metrics exist to describe diet selection in herbivores, the use of photosynthetic pigments in feces to describe diet selection or diet quality remains entirely unexplored (but see Christianson and Creel 2009 ). This is surprising given the longstanding use and inferential power of qualitative descriptors of photosynthetic capacity (or greenness) to index herbivore forage, habitat, or landscape quality for herbivores (McNaughton 1976) , an approach that continues to generate important inferences into herbivore foraging behavior and ecosystem functioning (Treydte et al. 2013 ). This mismatch between dietary and environmental descriptors of forage quality is particularly surprising given that photosynthetic pigments were found to be indigestible and easily extracted from feces over 60 years ago (Reid et al. 1950; Smart et al. 1954) . Photosynthetic pigments in feces were extensively studied for use as a marker for estimating dry matter digestiblility of forages in feeding trials with domestic ruminants and waterfowl (Reid et al. 1950; Deijs and Bosman 1955; Davis et al. 1968; Drent et al. 1979; Lowry and Schlink 1995) and as an index of algae consumption in aquatic invertebrates (Szymczak-Ż yla et al. 2006) . Consequently, although digestive kinetics and fecal recovery of pigments in herbivores are relatively wellunderstood, correlations between fecal pigment concentration and nutritional characteristics of the diet have never been explored in a free-ranging herbivore. It has been shown that fecal chlorophyll in herbivores increases as the availability of photosynthetic plant tissue on the landscape increases (Lowry and Schlink 1995; Christianson and Creel 2009 ), so it is logical to assume fecal photosynthetic pigments may provide a meaningful measure of consumption of green, photosynthetic tissue, which may correlate with more specific measures of diet quality in terrestrial herbivores. Furthermore, it is widely accepted that a primary effect of climate change on herbivores will operate through shifts in plant phenology, including the onset of the growing season and growing rates of forage plants (Forchhammer and Post 2004; Berteaux et al. 2006; Christianson et al. 2013) . A metric that is sensitive to the photosynthetic pigment concentration of plants consumed by herbivores may be useful for detecting higher trophic level effects of phenological shifts due to climate change.
Currently, fecal nitrogen is the most commonly measured fecal component in free-ranging herbivores for describing variation in diet selection and diet quality (Leslie et al. 2008) . In wild herbivores, variation in fecal nitrogen correlates with temporal patterns of plant phenology (Leslie and Starkey 1985; Irwin et al. 1993; Massey et al. 1994 ) and has been used to identify drivers of variation in diet quality at relatively coarse scales, for example, differences in diet quality across seasons in bighorn sheep (Ovis canadensis Shaw, 1804) (Irwin et al. 1993) . Increasingly, fecal nitrogen is being applied to questions at finer scales, including interspecific competition (Lin et al. 2011) , habitat selection (Ryan et al. 2012) , and population dynamics (Blanchard et al. 2003) , and has been subsequently measured in over 40 mammalian taxa (reviewed by Leslie et al. 2008 ) demonstrating the demand for finely resolved, noninvasive metrics of diet selection. Thus, to evaluate whether a new metric is practical for addressing such questions, a meaningful benchmark would be its ability to generate similar or novel inferences into herbivore foraging ecology compared with fecal nitrogen. We hypothesized that photosynthetic pigment concentrations were strongly correlated with other physicochemical properties of forage and feces in a free-ranging wild herbivore, the elk (Cervus elaphus L., 1785). We predicted that the direction of these correlations was positive with respect to physicochemical metrics of diet quality (e.g., nitrogen content, energy content, digestibility) so that high pigment concentrations correspond with high quality. We then tested whether fecal pigments generated similar or novel conclusions, compared with fecal nitrogen, regarding key factors that influenced the foraging ecology of a large terrestrial herbivore.
Materials and methods

Study area and sampling design
We collected feces and forage samples from the winter and spring range of elk in the Upper Gallatin river drainage of southwestern Montana (Fig. 1A ). This herd (approximately 1100 animals from aerial counts between 2003 and 2005) occupied high elevation (>2400 m), subalpine and alpine habitats in the Gallatin and Madison mountain ranges in summer and fall and lower (<2200 m) mountain forests and foothills along the Gallatin River in winter and spring. At this latitude and elevation, the bulk of net annual primary production occurs between April and October (Christianson et al. 2013) , and aboveground herbaceous biomass is largely dormant and senescent outside the growing season. Elk in this population, like many herbivores, faced significant nutritional restriction in winter and significant variation in the quality of forage items available (Christianson and Creel 2010) , particularly in spring when new green growth emerges among the senescent vegetation of the prior growing season ). Previous research found significant differences in diet composition and nutritional condition in response to predation risk from wolves (Canis lupus L, 1758), habitat type, snowpack, time of year, and weather Winnie and Creel 2007; Creel 2008, 2010) ; therefore, this population is suitable for comparing the ability of different metrics to explain biologically significant variation in diet selection in a free-ranging herbivore.
The study area, elk population, and sampling methods have been described in detail previously (Christianson and Creel 2008 , 2010 Creel and Christianson 2009 ). Briefly, from December to May in 2004 May in , 2005 May in , and 2006 , we located elk groups in three tributaries of the Gallatin River approximately every 14 days, recorded the group composition (adult female, juvenile, adult male, yearling male), and selected 3-10 fresh (<24 h) fecal samples (30 mL each) from individual piles of fecal pellets. For most fecal samples (59%), the sex composition of the group being sampled could be confirmed visually just prior to collection. Most (92%) elk during this study were in groups >90% or <10% adult male (based on classification of 13 104 elk in 1 138 groups), with most males found in a single drainage with few females and juveniles. Because of this strong social and spatial sexual segregation (Winnie and Creel 2007; Christianson and Creel 2008) , as well as because fecal pellets differed significantly in size between adult males and females, allowing for secondary confirmation of sex ), all fecal samples from unknown groups could be dichotomized as coming from groups composed primarily of adult males or groups composed primarily of adult females and juveniles (Christianson and Creel 2008; Creel and Christianson 2009) . We refer to the latter group simply as "females" because 82% of elk in nonmale-biased groups were adult females (based on classification of 13 104 elk in 1 138 groups).
Throughout each winter and spring, we collected vegetation samples from elk foraging sites (determined by direct observation of foraging elk) representing six major forage categories that could be unambiguously identified microscopically in fecal samples (see below): graminoids (n = 121 samples), conifer needles (n = 31), sagebrush (n = 28), woody browse stems (n = 22), willow and aspen stems (n = 12), forbs (n = 4), and two less important species that were easily identifiable microscopically: spiny phlox (Phlox hoodii Richardson) (n = 3) and creeping barberry (Mahonia repens (Lindl.) G. Don) (n = 3). Vegetation samples also included "grazing" samples (n = 25) containing mixed graminoids and forbs from elk foraging sites, which we collected using grab-and-clip sampling to simulate foraging in patches located immediately adjacent (offset by <1 m) to elk foraging patches that we identified from direct observation and from tracks in the snow or soil. Hand-sorting revealed these grazing samples were 93.8% ± 13.7% (mean ± SD) graminoids, so we refer to these as "graminoids" for simplicity.
All vegetation samples were assayed individually for in vitro dry matter digestibility (%), gross energy (calories per gram, where 1 calorie = 4.1858 J at 15°C), nitrogen (% dry matter), and neutral detergent fiber (NDF; % dry matter) at an independent, commercial laboratory. Previous research found elk in this population were primarily grazers, with microhistological diet estimates reporting 72.8% ± 19.0% (mean ± SD) graminoids in the diet (Christianson and Creel 2008) , the remainder being browsed stems of deciduous and evergreen trees and shrubs. Thus, we focus our analysis primarily on the nutritional properties of graminoids (but an analysis considering all forage types was also considered and is reported in the Results below).
Fecal samples were assayed for nitrogen content (% dry matter) at an independent laboratory. Due to cost constraints, only a subset from a single year, 2004 (n = 218), was also assayed for NDF (% dry matter). Botanical composition of elk diets was determined for each fecal sample using microhistology to assign epidermal plant fragments in elk feces to one of the eight forage categories described above for vegetation sampling (Sparks and Malechek 1968) , which we then pooled into either a "browse" or graminoid category. Forbs were consistently <5% of the diet and were included with the graminoid portion of the diet (Christianson and Creel 2008) . Because the grass and browse diet categories sum to one and statistical analysis on both categories would be redundant, we focus our analysis on the browse proportion of the diet.
We measured photosynthetic pigments (chlorophylls and carotenoids) in each fecal and forage sample following standard procedures described in detail previously ). Briefly, we extracted pigments by boiling a known dry mass of feces or forage (approximately 0.2 g) in 10 mL ethanol and reconstituting pigments in 1 mL methanol after a drying stage. Extracts were diluted 31-fold in methanol and scanned immediately on a 96-well microplate spectrophotometer. Optical densities at 470 nm (peak absorption specific to carotenoids) and 666 nm (peak absorption specific to chlorophylls) were recorded, as well as at 750 nm as a correction for turbidity (Lichtenthaler 1987) . Several equations exist for deriving absolute pigment concentrations from the light absorption properties of solutions (Lichtenthaler 1987) . No such equations have been developed for fecal extracts in methanol; therefore, we present pigment concentrations as optical densities/0.2 g sample.
Data analysis
Variation in foraging behavior or nutrition is commonly compared across seasons or across ecological circumstances within a season. To compare the behavior of dietary metrics across and within season, we demarcated two seasons (winter and spring) in each year of our study using Normalized Difference Vegetation Index (NDVI) values (16-day frequency, 250 m resolution) from all grassland and shrubland habitats on the study site (Fig. 1A) . Applying the "segmented" package in R version 2.15.12 (R Development Core Team 2012), we used piecewise regression (broken-stick or breakpoint regression) of NDVI on Julian day to model temporal trends in NDVI and identify a breakpoint in the annual trend (Fig. 1B) . The breakpoint identified the date each year when the trend in NDVI transitioned from stable (winter) to increasing (spring) indicating the onset of snowmelt and the growing season (Christianson et al. 2013 ). The estimated date of these breakpoints in each year was estimated with high precision (95% confidence intervals (CIs) of ±0.8-1.1 days), and we used breakpoints to classify fecal and forage samples to season and to define day zero in each year for modelling the day-ofspring effect of growing-season progression on elk diets (see below).
To compare the behavior of dietary metrics across ecological circumstances, besides season or day-of-spring, many other factors that affect diet can be found in the literature. Previous research from this population revealed male and female elk differ markedly in many aspects of foraging ecology. Male and female elk differ in activity patterns, antipredator responses, nutritional constraints, habitat selection, and diet selection ( (2004) (2005) (2006) . Box and whiskers are mean and SD of NDVI values at each 16-day sampling period by the MODIS satellite. Piecewise regression estimated dates when trend in NDVI significantly changed (breakpoints), indicating snowmelt and the onset of spring growth. Creel 2008 Creel , 2010 . For the purpose of this analysis, it should be meaningful to evaluate the characteristics of photosynthetic pigments and other dietary metrics as they vary with sex. Our interest here is not to explain differences between the sexes, only to evaluate and to compare the ability of fecal metrics to detect sex-specific differences in foraging ecology that were conspicuous using behavioral and physiological approaches.
Variance of photosynthetic pigments and physicochemical properties of elk forage and feces
For statistical comparison of metrics, we focused primarily on comparison of chlorophyll and nitrogen, because chlorophyll is the primary photosynthetic pigment in terrestrial plants (Rabinowitch and Govindjee 1969) and fecal nitrogen is a popular noninvasive metric used in terrestrial herbivores to describe diet quality (Leslie et al. 2008 ), but we report results from other metrics when our analysis suggested contrasting patterns or novel inferences with those metrics. We converted all metrics to their z score (i.e., subtracting the mean and dividing by the SD) so we could make pairwise comparison of the variance (s 2 ) in each metric between seasons (winter vs. spring) and between metrics within a season by estimating the 95% CI of variance ratios with an F test for unity in the variance ratio. We also estimated all pairwise correlations (r) between plant pigments (optical densities of chlorophyll and carotenoids), nitrogen (% dry matter), gross energy (kilocalories per gram), in vitro digestibility (% dry matter), and NDF (% dry matter). Significant correlations would indicate potential for interpreting concentrations of photosynthetic pigments as an index of diet quality.
Regression of fecal metrics on sex, season, and day-of-spring
Finally, we used least-squares regression to fit linear models for fecal pigments, fecal nitrogen, and fecal NDF as a function of sex and season using all fecal samples and directly compared coefficient estimates (mean ± SE) and mean responses between metrics. Within spring samples, we also fit linear models with sex and day-of-spring as explanatory variables because in spring we expected diet quality to change rapidly as snow melted and growing seasons progressed (Fig. 1B) . We evaluated model fit using adjusted correlation coefficients (r 2 adjusted ). Again our purpose for fitting these models is not to explain variation in fecal chlorophyll and fecal nitrogen per se, but to compare the amount of explained variation in each metric when fitted to the same model structure, as well as for comparing the magnitude, direction, and precision of the coefficient estimates for factors established, a priori, as being important for elk nutrition and diet selection in this population (Christianson and Creel 2008 , 2010 Creel and Christianson 2009) . Because these models were fitted using z scores for response variables and derived from the same set of samples, comparing coefficient estimates and mean responses allows for a robust comparison of the ability of each metric to generate inference into elk diet quality. All statistical estimates, tests, and models were conducted with the R statistical programming language (R Development Core Team 2012).
Results
Elk forage: photosynthetic pigments and physicochemical properties
Estimated variance in both nitrogen and chlorophyll contents of graminoids was approximately an order of magnitude higher in spring than in winter (95% CI of spring:winter variance ratiochlorophyll: 5.3-23.6; nitrogen: 3.7-17.9). The ratio of the variances in chlorophyll to nitrogen in graminoids within a season were closer to unity (95% CI of chlorophyll:nitrogen variance ratio-winter: 1.1-2.3; spring: 0.3-2.5). In spring, pigments showed the strongest correlations across all physicochemical properties of graminoids: nitrogen, NDF, gross energy, and digestibility (Table 1) . Graminoid nitrogen and NDF showed no relationship with gross energy. In winter graminoids, photosynthetic pigments showed strong correlations with nitrogen, and the strongest correlations with NDF, but weak relationships with graminoid digestibility and no relationship with energy content (Table 1 ). All correlations were generally weaker when examined across all seasons and forage types (graminoids, forbs, and browse), but significant relationships persisted between pigments and all physicochemical traits of forages in this broader analysis (Table 1) .
Elk feces: photosynthetic pigments and physicochemical properties
In elk feces, the estimated variance in chlorophyll was much greater in spring than in winter (95% CI of spring:winter variance ratio: 180.9-286.9), while variation in fecal nitrogen in spring compared with winter was more equivalent (5.2-8.2). Consequently, the estimated variance in fecal nitrogen was greater than fecal chlorophyll in winter (95% CI of nitrogen:chlorophyll variance ratio: 38.9-53.6), but variances were similar between metrics in spring (1.1-1.8). Although fecal photosynthetic pigments were largely invariant in winter, weak but significant correlations with fecal nitrogen were detected and this correlation became very strong in spring (Table 2 ). There was a positive correlation between fecal pigments and % browse in the diet in winter that became a negative correlation in spring (Table 2) . Fecal NDF was generally only weakly correlated with other fecal metrics and showed the strongest correlation with % browse in the diet in winter (Table 2) .
Linear regression of fecal metrics on sex and season
Linear regression of the effects of sex, season, and their interaction on fecal nitrogen or fecal chlorophyll revealed seemingly identical models with similar mean responses (Figs. 2A, 2B) . These simple models generally fit the data poorly, but serve to illustrate that fecal chlorophyll and fecal nitrogen could detect similar differences in diet arising from the previously identified as being important effects of sex, season, and an interaction between sex and season (Christianson and Creel 2008 , 2010 . Fecal chlorophyll was a better fit (r 2 adjusted = 0.379) with this model structure than fecal nitrogen (r 2 adjusted = 0.247) and coefficient estimates from the model of fecal chlorophyll were approximately one-third more precise than coefficient estimates from the model of fecal nitrogen (Table 3) . Linear regression of fecal carotenoids produced model estimates that were very similar to fecal chlorophyll with a similar model fit (r 2 adjusted = 0.386).
Linear regression of fecal metrics on sex and day-of-spring
In spring, linear regressions of fecal chlorophyll and fecal nitrogen produced nearly identical parameter estimates of the effects of sex and day-of-spring (i.e., days from the year-specific NDVI breakpoint). Similar effects of day-of-spring (positive; Table 4) and sex (no effect; Table 4) were seen regardless of whether fecal nitrogen or fecal pigments were the regressand (Figs. 3A, 3B ). However, both fecal pigments suggested an interaction between sex and day-of-spring that was not detected in fecal nitrogen (Table 4) . Coefficient estimates were more precise in models of fecal pigments compared with the model for fecal nitrogen (Table 4) . Again, the model fit for fecal chlorophyll was better (r 2 adjusted = 0.845) than the model fit for fecal nitrogen (r 2 adjusted = 0.773). Coefficient estimates from the liner regression of fecal carotenoids were very similar to coefficients for fecal chlorophyll, but model fit was very high (r 2 adjusted = 0.906). Because an identical set of samples were used to fit these models and the fecal pigments and fecal nitrogen were converted to z scores (centered and scaled by their respective means and SD) before fitting these models, these comparisons revealed important differences in the efficiency with which each metric might generate inference into elk foraging ecology.
Due to cost constraints, fecal NDF was measured within a smaller subset of samples from 1 year (winter: n = 146; spring: Table 4 . Coefficient estimates (mean ± SE) and P values (in parentheses) from linear regression of fecal pigments, fecal nitrogen, and fecal neutral detergent fiber (NDF) on sex and day-of-spring (day) in fecal samples from elk (Cervus elaphus) collected in spring. (Tables 3, 4 ) and no variation in NDF could be explained by either of these models (r 2 adjusted ≤ 0.031). As a post hoc analysis, we refit models for fecal pigments and fecal nitrogen to this smaller subset of data and found only a significant effect of the interaction between sex and season, but substantially greater variation in fecal pigments and nitrogen was still explained, despite the smaller sample size (sex × season model: r 2 adjusted = 0.153-0.176; sex × day-of-spring models: r 2 adjusted = 0.742-0.904).
Discussion
Very strong correlations were detected between photosynthetic pigments and composition of elk forage and feces in spring when the landscape (Fig. 1B) and vegetation (see Results) showed high variation in productivity and quality. Strong correlations suggest broad scope for interpreting fecal photosynthetic pigments as an index of variation in diet selection and diet quality. However, the weakest relationships between any fecal metric and important explanatory covariates (e.g., sex) were seen in winter even though sex is known to influence diet selection and nutritional plane in this population Creel 2008, 2010) . Thus, fecal metrics may be limited in their ability to describe biologically significant variation in diet quality during periods when nutrition may have strong effects on population dynamics (Delgiudice et al. 1991; Christianson and Creel 2010) . We suggest additional research with photosynthetic pigments is needed to verify the strong relationship between pigment concentration and forage quality and to confirm whether variation in fecal pigment concentrations can be used to explain variation in animal nutritional condition.
Chlorophyll and carotenoids were strongly correlated with each other in both feces and forage (Tables 1, 2 ), but some differences between the two pigments were apparent. These differences were at least in part an artifact of a preponderance of zero values for fecal chlorophyll in winter (77 samples or 15.7%) limiting the scope for inference from fecal chlorophyll in winter-fecal carotenoid and nitrogen estimates in winter were always >0. We used a dilution of fecal extracts that was optimized for precision in high chlorophyll samples, restricting optical densities to <1, the threshold beyond which the assumptions of Beer's Law for measuring concentrations from optical interference are less robust. This likely resulted in over dilution of low chlorophyll winter samples beyond the range of sensitivity of our spectrophotometer. Sensitivity to carotenoids was maintained because carotenoids are more detectable than chlorophylls with spectrophotometry of solutions, even though carotenoids normally persist at lower concentrations in vegetation (Lichtenthaler 1987) . Consequently, we caution against the interpretation that fecal chlorophyll and fecal carotenoids described unique and different relationships with the winter diet-for elk, these pigments would likely produce similar patterns and relationships if chlorophyll dilution had remained within the range of sensitivity. In herbivores that consume dicot leaves, flowers, or fruits regularly (i.e., high carotenoid tissues), these two pigments may describe unique aspects of diet composition. Additional research is required to examine whether variability in relative concentration of each photosynthetic pigments corresponds with variability in diet selection.
Fecal pigments showed important relationships with forage quality and diet composition for interpreting diet quality, e.g., post hoc regression revealed a 1 SD increase in fecal chlorophyll corresponded with a 1.00 SD (±0.03 SE) increase in fecal nitrogen, i.e., a 0.41% increase in absolute fecal nitrogen concentration (Fig. 4A) . We detected relationships unique to fecal pigments, not seen with fecal nitrogen, e.g., a 1 SD in winter fecal carotenoids corresponded to the equivalent of a 4.14 SD (±0.32 SE) increase in the proportion of browse in the diet, i.e., an 84% increase in the absolute proportion of woody browse in the winter diet (Fig. 4B) . Compared with fecal nitrogen, more variation was explained and more precise coefficient estimates were seen in pigment models known, a priori, to capture much of the variation in elk foraging ecology (Tables 3, 4) . This difference in precision implies fecal pigments may detect important patterns in herbivore foraging ecology that fecal nitrogen cannot, depending on the size of the effect and the sampling design, e.g., fecal nitrogen failed to detect a small interaction between sex and day-of-spring, which pigments detected (Table 4) . Fecal photosynthetic pigments may have more power to generate novel inferences into diet selection useful to herbivore ecologists because (i) photosynthetic pigments are indigestible (Reid et al. 1950; Smart et al. 1954; Troelsen 1961; Davis et al. 1968; Lane and Hassall 1996) and (ii) photosynthetic pigment concentrations are not apparently confounded by metabolic byproducts in feces (Deijs and Bosman 1955; Christianson and Creel 2009 ). These properties exempt fecal pigments from many of the strongest criticisms leveled at fecal nitrogen as an indicator of diet quality (Mould and Robbins 1981; Hobbs 1987; Robbins et al. 1987; Schwarm et al. 2009 ).
Fecal pigments have been successfully measured in a small number of free-ranging North American and African herbivores Fig. 4 . Post hoc estimation of linear relationships using least-squares regression between (A) fecal nitrogen (% dry matter) and fecal chlorophyll from elk (Cervus elaphus) and (B) the percentage of the winter diet that was browsed by elk (estimated microhistologically) and fecal carotenoids. . At this stage, we caution that any inference into diet quality from fecal pigments will be primarily dependent on the consistency of the positive relationship between chlorophyll content, digestibility, and nutrient content in forages (Table 1 ), but such positive relationships appear to commonly occur across a diversity of forages and landscapes (Van Soest 1982; Klein 1990; Wilmshurst et al. 1995; Chen et al. 1998; Larter and Nagy 2001) . As with all fecal indices, interpretation of fecal pigments as an index of nutritional value is vulnerable to variation in intake rates, which can be considerable (Illius et al. 1999) . Fecal pigments, at the very least, are a measure of effectiveness at which an individual herbivore concentrates chlorophyll or carotenoids in their feces through selection of photosynthetic plant tissue and efficient digestion of those tissues. Many questions in herbivore foraging ecology correspond to spatiotemporal scales where confounding variation in forage quality, digestive efficiency, and intake rates may be low or uncorrelated with biologically significant variation in photosynthetic tissue abundance or consumption (McNaughton 1985; Fryxell et al. 1988; Frank and McNaughton 1992; Augustine et al. 2003) . We suggest that where useful inferences can be gained using qualitative or quantitative classification of greenness in herbivore forages or habitat (McNaughton 1985; Frank and McNaughton 1992; Augustine et al. 2003; Treydte et al. 2013) , the application of fecal chlorophyll, a measure of the greenness of plants actually consumed by herbivores, should prove highly complementary and equally insightful. The growing application of satellite-based metrics to describe habitat quality, based largely on the optical qualities of chlorophyll at the landscape level (e.g., NDVI), might be advanced by understanding of how variation in plant phenology translates into diet shifts ). Finally, climate change is altering plant phenology and spatiotemporal variability of primary production in a manner likely to be important to herbivore populations (Forchhammer and Post 2004; Berteaux et al. 2006) . Fecal pigments may prove a powerful tool for detecting the effects of such forces on herbivores.
